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Abstract
There is a great need to increase our understanding of diseases affecting the brain
and their underlying pathogenic mechanisms. To address this need, the work presented in this thesis applied affinity based proteomic techniques to profile proteins,
and to investigate protein profiles and the autoantibody repertoire in brain related
disorders. Studies included in this thesis cover traumatic brain injuries, first-episode
psychosis, schizophrenia and obsessive-compulsive disorders.
Paper I describes the profiling of rat serum samples of a traumatic brain injury model
to increase the understanding of injury related protein markers and their potential
role in patient outcome. Changes in protein profiles over time were characterized as
well as potential injury markers related to oxygen intake.
Paper II-IV describe the use of protein fragment-based arrays to investigate potential pathogenic autoantibodies associated to the disease. In Paper II possible predictive autoantibodies for the development of schizophrenia were identified, Paper III
identified probable brain reactive autoantibodies in schizophrenia patients and Paper IV described the exploration of autoantibodies which might have an association
to obsessive-compulsive disorder. Further characterization of these autoantibody
repertoires in psychiatric disorders and future efforts could increase our understanding of their role in the associated diseases.
Taken together, this work provides the basis for future research in the search for
novel disease associated proteins and autoantibody profiles in brain related disorders. An increased understanding and additional diagnostic or prognostic markers
of these disorders would be beneficial for both researchers and patients.
Keywords: affinity proteomics, microarrays, suspension bead array, autoantibodies, autoimmunity, psychiatric disorders, schizophrenia
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Popular Scientific Summary
The brain controls and coordinates our movement, harbors our memories, emotions
and senses. The brain is made of billions of cells, all with different properties and
functions that work together, to make us work. What happens, if these cells do not
function in a proper way any longer, or are damaged?
When this happens, brain related disorders can occur. Such disorders might affect
different functions of the brain, such as memory in Alzheimer’s disease. Also, our
emotions and senses can be affected by brain disorders, such as schizophrenia, depression or psychosis. The research of this thesis focuses on schizophrenia, obsessive-compulsive disorders and first episode psychosis.
The complex nature of the brain, makes studying brain related disorders very challenging. To further understand the diseases described in this thesis, the projects
aimed to find possible disease associated proteins. Proteins are macromolecules
which exist in every single cell of the body, including brain cells. They differ in their
appearance and have specialized functions, and depending on the localization of the
cell within the body there are different types of proteins in those cells. The work of
this thesis is therefore aiming to understand protein function in health and disease.
Further, the work presented here attempts to increase the understanding of disease
associated antibodies, molecules naturally present in the immune system to protect
against pathogens. However, occasionally antibodies arise against our own cell, and
subsequently have implications in some autoimmune diseases. These antibodies are
then called autoantibodies and are known to be partially involved in some psychiatric disorders described in this thesis. To increase our understanding of disease associated proteins and autoantibodies the work presented in this thesis used affinitybased proteomic arrays. The arrays were developed and based on affinity reagents
(antibodies and protein fragments) produced within the Human Protein Atlas. Arrays used were mainly bead-based arrays in suspension and planar arrays using a
solid planar surface. These arrays were all used in the four different articles presented in this thesis.
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In Paper I a bead-based array was used to increase the understanding of protein
changes after a traumatic brain injury. For this purpose, a rodent model was established to simulate such an injury. The protein levels in plasma of the injured rats
were then compared with the levels of uninjured rats.
In Paper II-IV both array formats were used to explore potential disease associated
autoantibodies in patients with psychiatric disorders. The planar array format was
used for exploring potential new associated autoantibodies, while the bead-based
format was used to characterize these found autoantibodies further. In Paper II this
approach was used on the serum of first episode psychosis patients, in Paper III on
brain tissue from schizophrenia patients and in Paper IV on serum from patients
with obsessive-compulsive disorders.
The within the presented work discovered potentially disease associated proteins
and autoantibodies could increase our understanding of the diseases studied. They
could contribute to a better outcome of the patients through improved diagnosis and
treatment.

VIII

Populärvetenskaplig Sammanfattning
Hjärnan är gjord av miljarder celler, alla med olika egenskaper och funktioner, som
arbetar tillsammans för att ta hand om våra minnen, känslor och sinnen. Vad händer
om dessa celler inte fungerar eller skadas på något sätt? Störningar i hjärnan kan
påverka olika funktioner, såsom minnet i Alzheimers sjukdom eller känslor och sinnen i psykiatrisk sjukdom. Forskning inom psykiatri, den medicinska specialiteten
som behandlar psykiatriska störningar, fokuserar på sjukdomar som schizofreni, depression och psykos. Arbetet i denna avhandling handlade främst om schizofreni,
tvångssyndrom och förstagångspsykos.
Hjärnans komplexa natur och skyddade miljö gör det utmanande att studera hjärnrelaterade sjukdomar. Målet med projekten i denna avhandling var att öka kunskapen om psykiatriska sjukdomar genom att studera proteiner med möjlig koppling
till sjukdomsprocessen. Proteiner är makromolekyler som finns i kroppens alla celler, inklusive hjärnceller. De är mångsidiga i utseende och funktion och beroende på
var i kroppen en cell finns kan den till viss del innehålla olika proteiner. Denna avhandling fokuserade på att öka förståelsen av en speciell sorts proteiner, nämligen
sjukdomsassocierade antikroppar. Antikroppar är molekyler som finns närvarande
i immunsystemet för att ”känna igen” och koppla ihop sig med främmande molekyler, tex virus, som kan vara skadliga. Ibland förekommer också antikroppar som känner igen proteiner i vår egen kropp, så kallade autoantikroppar, och dessa kan istället
för att skydda oss orsaka sjukdomar. Inom vissa psykiatriska störningar har autoantikroppar som känner igen ett speciellt protein i hjärnan hittats och identifierats som
orsaken till att sjukdomen uppstår. Vi tror att fler psykiatriska tillstånd kan till viss
del förklaras med autoantikroppar och har därför undersökt förekomsten av autoantikroppar i blod och ryggmärgsvätska från patienter med schizofreni, tvångssyndrom och förstagångspsykos. Metoden vi utvecklat möjliggör bred analys av vilka
målproteiner antikroppar hos en individ känner igen och genom att jämföra sjuka
och friska människor kan vi identifiera de som eventuellt kan vara kopplade till sjukdomsförloppet. Denna metod kan även användas för att mäta nivåerna av olika

IX

proteiner för att på liknande sätt hitta proteiner kopplade till sjukdomsutveckling,
både i människor och i djurmodeller.
I Paper I analyserades proteiner i serum för att öka förståelsen av proteinförändringar efter en traumatisk hjärnskada. Den här studien baserades på en djurmodell
där hjärnskada simulerades i råttor och proteinhalterna hos dessa råttor jämfördes
sedan med nivåerna hos en kontrollgrupp av råttor.
I Paper II-IV undersöktes förekomsten av potentiella sjukdomsrelaterade autoantikroppar hos patienter med psykiatriska störningar. I Paper II analyserades serum
från patienter med förstagångspsykos, i Paper III hjärnvävnad från schizofrenipatienter och i Paper IV serum från patienter med tvångssyndrom. Detta arbete resulterade i identifiering av flera nya, potentiellt sjukdomsassocierade målproteiner för
autoantikroppar som skulle kunna öka vår förståelse för psykiatriska sjukdomar och
bidra till förbättrad diagnos och behandling.
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On the profiling of autoantibodies in psychiatric disorders

Thesis Outline
Chapter I - Introduction gives a short introduction into the basic understanding
of biology, including a description of DNA, RNA and Proteins.
Chapter II - The Central Nervous System gives and introduction into the central nervous system. This includes the main cell types of the central nervous system
and their function. Furthermore CNS-related disorders are described including
types of neurodegenerative disorders and traumatic brain injuries.
Chapter III - Autoimmune Mechanisms of the CNS deals with the basic concepts of autoimmunity. It mentions CNS-disorders thought to be caused by autoimmune mechanisms and uses them to explain these basic autoimmune concepts. It
also briefly summarizes the affinity reagents used in this thesis, namely antibodies
and antigens. Finally, it explains the production of autoantibodies and their role in
health and disease.
Chapter IV - Psychiatric Disorders describes psychiatric disorders, their symptoms, cause and possible treatment with a focus on inflammatory processes. Disease
included in this chapter are schizophrenia, obsessive-compulsive disorders and encephalitis.
Chapter V - Present Investigation explains the affinity based proteomic techniques used in this thesis, and how these techniques can be utilized to study psychiatric disorders. This chapter will also give an overview of the included publication in
this thesis and their importance in the context of this thesis.
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I.

Introduction

The fascination of studying the human body and its anatomy dates back at least to
the Egyptian times in 1600 BC and Greek scientist in 400 BC 1. Already then, scientists discovered the different organs of the body and discussed their potential functions. Much later, Marie Francois Xavier Bichat described that the different organs
are composed of different types of tissue. This was based on the observation of a
much smaller building block: the cell, as discovered by Robert Hooke in 1655, using
a slice of cork 2. Over the coming centuries, it has been shown that various organisms,
including plants and mammals, are composed of different types of cells, which led to
the conclusion that cells are the smallest entity of life. This view was challenged in
1831 when Robert Brown observed the cellular nucleus. In the following years, other
organelles, including the microtubules in 1853, mitochondria in 1857, golgi apparatus in 1897, endoplasmic reticulum in 1945, lysosome 1949 and the ribosome in
1955 were discovered.

DNA
Earlier, in 1953 a major breakthrough and milestone in the history of life science was
made, by the discovery of the double helix structure of DNA (deoxyribonucleic acid),
by James Watson and Francis Crick 3. Although the discovery of DNA itself was made
in 1869 by Friedrich Miescher

4

and its nucleotides in 1929 by Levene 5, the now

known structure of DNA was the groundwork for modern scientist to increase the
understanding of the fundamental mechanisms of life itself and its complexity.
Based on the work of Rosalind Franklin and Maurice Wilkins who used x-ray crystallography, the helix like structure was proposed as it is known today: a molecule,
based on a sequence of five-carbon sugars (deoxyribose) as backbone, a phosphate
group and one of the four nucleotides described by Levene, adenine, guanine, cytosine or thymine. Based on the rule by Erwin Chargaff, each nucleotide binds to is
respective partner, with adenine binding thymine and cytosine binding guanine 6.
The double stranded molecule is arranged in a helix like structure and the genetic
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information of all living organisms is tightly packed and stored in the nucleus as well
as in other organelles, such as mitochondria and plastids.

RNA
The discovery of RNA (ribonucleic acid) was strongly connected to the discovery of
DNA from Friedrich Miescher. In a similar fashion to DNA molecules, RNA molecules are composed of four nucleotides (adenine, guanine, cytosine and uracil) and
a five-carbon sugar (D-ribose). After the discovery of the DNA structure Francis
Crick himself postulated his theory on the mechanisms of DNA to protein conversion, which he then termed to be “the central dogma of biology” 7, the flow of genetic
information from DNA through mRNA to Protein. This discovery was supported by
numerous independent researchers during that time

8,9.

However, it took several

years to discover different types of RNA and their respective function and proportion
in the cell.

Proteins
Firstly discovered and described by Antoine Fourcroy as “animal matter” and characterized by their ability to coagulate, proteins were described in blood as serum albumin and fibrin, albumin in egg white and gluten in wheat, by several researchers 10,11. The word protein makes its first appearance in 1838 and was termed by the
Swedish chemist Jöns Jacob Berzelius who´s friend Gerardus Johannes Mulder used
it in his publication 12. However, it took more than 100 years until the mechanism of
protein translation and its details were discovered. In 1958, shortly after Francis
Crick announced his “central dogma of biology”, Hoagland and colleagues used C14
labeled amino acids to understand the relation of amino acids in protein synthesis
and were, among others, the first to describe the functions of the ribosome (called
“microsome”) in the translation to proteins 13,14,15. Concurring, Sanger and colleagues
were able to sequence the first protein, insulin and its amino acid sequence 16, which
later lead to technologies such as sanger sequencing 17, transgenic animal models to
study proteins of interest 18 and the polymerase chain reaction (PCR) in 1985 19, 20.
The important characterization of the structure of proteins was firstly described by
Linus Pauling in 1951 21 followed by the until today used terminology by Lindstrøm-
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Lang, classifying protein structures into primary structure describing the sequence
of amino-acids, secondary structure describing stabilizing structures of hydrogen
bonds such as a-helices and b-sheets, tertiary structures involving the folding of the
polypeptide chains into certain conformations and quaternary structures describing
the association of several tertiary structures to protein complexes and protein subunits 22 (Figure 1). Different proteins display a variety of different conformations that
are very complex in nature. For further differentiation, increase in specificity and for
regulatory purposes, proteins can undergo post-translational modifications (PTMs),
such as phosphorylation, glycosylation or hydroxylation 23,24.

a)
O
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H3N+

OC-Terminus
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R3

b)

c)

Figure 1: Classification of protein structure. a) Primary structure in form of an unfolded chain of amino acids
forming a polypeptide with R1-R3 as side chains. b) Secondary structure in form of a b-sheet (blue) and ahelices (green). c) Tertiary structure in form of a protein subunit including loops (grey) connecting b-sheets
and a-helices.
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Proteins are versatile in their structure, function and abundance, reaching from
small secreted proteins such as insulin to large proteins such as connectin in muscle
fibers. They can function as carriers e.g. haemoglobin in the blood, as catalysts (enzymes) for biochemical reactions important for food digestion such as amylase, can
be part of signaling processes between cells and different compartments e.g. receptor
proteins such as g-protein coupled receptors (GPCR), ion-channels or hormones.
Other proteins play a vital role in the protection of our body against certain pathogens, such as cytokines, chemokines and antibodies (see Chapter III).
With emerging biochemical tools, the world of proteins became more and more accessible for researchers around the world and our understanding has grown constantly. From the first discovery of proteins in 1789 by Fourcroy to our understanding of proteins to date multiple new technologies became available, such as electrophoresis 25, 2D-electrophoresis

26,

Western blotting

27,

mass spectrometry

28

and

multiplexed high throughput proteomics 29. The field of proteomics, the study of proteins in an organism, reaches from environmental proteomics, to proteomics in
plants and humans, studying various disease such as cancer, metabolic diseases and
diseases of the central nervous system (see Chapter V) and can involve all organs
of the human body, from skin, internal organs to the brain.
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II.

The Brain

“The brain is truly wonderful and complex, seamlessly and apparently effortlessly
able to attend to multiple tasks at the same time. However, the human brain, via
religion or science, art or technology, has yet to figure itself out” – John S. Allen 30.
These words by John S. Allen precisely describe the fascinating nature of the brain,
an organ so complex that understanding it in detail seems almost impossible. This
thesis attempts to enhance our understanding of the brain a bit further, especially
disorders of the brain potentially caused by immune processes.
In 1909 Korbinian Brodmann composed a comprehensive map showing different
brain regions of the human brain, which are still in use today (Brodmann-Areas).
The map is based on the brains cytoarchitecture, histological structure and organization of cells (Figure 2) 31. Different areas were identified and associated towards
various diseases of the brain, such as Alzheimer’s Disease (AD), Parkinson’s Disease
(PD) or psychiatric disorders (see Chapter II and Chapter IV). These findings are
the basis for today’s research and until today, researchers around the world are attempting to map and classify the brain and its regions even further e.g. regarding
their gene expression 32 or protein distribution 33, 34 commonly using modern techniques such as imaging, microarrays and antibody-based techniques (see Chapter V).
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Figure 2: The map of the human brain. a) As initially described in detail by K. Brodmann, the brain was divided
in different main areas comprising 52 so-called Brodmann areas, indicating their function (adapted from 31).
b) The main regions are now referred to as frontal lobe, parietal lobe, occipital lobe, temporal lobe, cerebellum
and brain stem. Sub-classifications are still referred to as Bordmann areas.

To be able to accomplish its various functions such as controlling emotions and behavior, harboring our memories, controlling muscle movement, regulating the homeostasis of the body and many more, the cells of the brain need to be highly organized. Depending on their function, multiple cells form a neuronal network by connections via the synaptic terminals at the dendrites (Figure 3). The so connected
neuronal cells can be categorized as pre-synaptic and post-synaptic neuronal cells
allowing the action potential to pass along cells connected with each other. In this
way the signal or impulse of e.g. pain can travel from its source to the brain and
spinal cord to excite the necessary motor function. Different neuronal networks carry
out different functions in the brain and therefore express different proteins to do so.
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Figure 3: Schematic view of a neuronal network. A neuronal cell consists of a cell body, the soma, with a
nucleus, an axon which leads into synapses forming dendrites. The axon is insulated with Myelin sheets. Multiple neuronal cells build a neuronal network. This figure only displays a schematic view of neurons. Neuronal
networks also include glial cells, such as astrocytes and oligodendrocytes.

In general, brain cells are divided into neurons and glia cells, where glia cells are
further divided into astrocytes, oligodendrocytes and microglia. Neurons are cells
that receive, process and communicate signals within the nervous system of the
body. They are most commonly composed of a cell body with a nucleus, an axon protected by myelin sheets and dendrites forming synapses. The nervous system is differentiated into the central nervous system (CNS) including the brain and spinal
cord and the peripheral nervous system (PNS) including the extremities, muscles
and organs 35. Beginning by the outer layers of the body, the skin contains the first
type of neurons, primary sensory neurons, that are part of the PNS and important to
sense external and internal stimuli. They process outer stimuli, such as touch and
pain and bring this information into the CNS where it is further processed by for
example interneurons. Interneurons are only found in the CNS and connect different
neurons with each other, enabling to process the signal in different directions. During sensations such as pain, interneurons in the spinal cord process the signal of pain
in two directions. In one direction the stimulus would be processed to the brain,
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where it is recognized as pain. The second direction involves the third class of neurons, motor neurons processing the stimuli to muscles and organs. In the example
of pain, motor neurons would process the stimuli to the muscle with the result of
contraction of the involved muscle. However, in order to process these stimuli in
such a speed, the axon of neurons is covered with myelin sheets, that insulate the
axon and allows the electric signal (action potential) to be transmitted fast enough
using saltatory conduction at the nodes of Ranvier 36.
The second class of cells in the brain are the glia cells. As mentioned earlier, these
are divided into astrocytes, oligodendrocytes (CNS), Schwann cells (PNS) and microglia. Oligodendrocytes, as well as Schwann cells are also called myelinating glia,
since their primary function is to myelinate and insulate the axons of neurons

37.

Oligodendrocytes are only found in the central nervous system providing myelination to multiple axons while Schwann cells are only found in the peripheral nervous system providing myelination for single axons only. Astrocytes are found
throughout the central nervous system and are star shaped glia cells. They are more
numerous than neurons and are mainly responsible for the plasticity of the nervous
system. They provide structural support, have regulatory effects by regulating ion
distribution in the surrounding extracellular fluid, modulate synaptic transmission
and maintain the blood-brain-barrier among other functions

38.

The third class of

glia cells are microglia which play and important role in keeping the brain “clean”.
Similar to phagocytes in the blood, they remove cell debris or dead cells from the
brain. Additionally they play an important role in the immune defense of the brain 39.

Brain related disorders
Like all other organs in the human body, the brain and spinal cord can also be affected by diseases with potentially severe consequences. There are several disorders
of the CNS including neurodegenerative disorders such as Alzheimer’s disease and
Parkinson’s Disease. Additional diseases are vascular disorders such as stroke, structural disorders such as spinal cord injuries and traumatic brain injuries, functional
disorders such as epilepsy, and infections such as meningitis. To further describe all
these disorders in detail would take away the main focus of the work presented in
this thesis. This and the following chapter will therefore briefly introduce some of
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the most common neurodegenerative disorders as well as brain disorders this thesis
focused on, including traumatic brain injuries and psychiatric disorders covering
schizophrenia, obsessive-compulsive disorders and encephalitis.

Alzheimer’s Disease (AD)
A commonly known neurodegenerative disease is Alzheimer’s disease. In the European population above 65 years, AD and other dementias account for more than 10%
of diseases 40. Firstly described in 1906 and classified as “presenile dementia” by Alois Alzheimer and later called Alzheimer’s Disease 41, AD and its biological mechanism is still not completely understood. The most studied proteins in this context are
amyloid-ß (Aß) and tau protein. The formation of extracellular amyloid-ß plaques in
the tissue, potentially triggering AD symptoms, is caused by the aggregation of insoluble amyloid-ß peptides. These peptides derive from the amyloid precursor protein (APP) and are cleaved into Aß peptides with different length by various enzymes,
most commonly Aß (1-40) and Aß (1-42) 42,43, where the enzyme ß-secretase produce
the toxic and potentially pathogenic peptide variance Aß42 . A second common disease hallmark of AD is the formation of neurofibrillary tangles. These tangles consists mainly of the microtubule-associated protein tau, where phosphorylated tau
proteins are thought to be the major contributors in AD associated neurofibrillary
tangles

44.

Clinical measurements to identify AD are levels of Aß42 peptides and

tau/phospho-tau in the CSF of the patient but there is still a lack of prognostic and
diagnostic markers for AD. However, besides amyloid-ß and tau, other proteins associated to the CNS gained the interest of researchers in the field of Alzheimer’s disease. Recent proteomic studies suggest a panel of CSF “biomarker candidates” to be
promising targets in AD patients 45, including Cystatin C, truncated Cystatin C, Amyloid beta 1-40, C3a, 4.0 kDa protein, ELISA Tau and ELISA Aβ1-42. Others suggest
that synaptic proteins such as GAP43 and Neurogranin are specifically altered in AD
compared to other neurodegenerative diseases such as Parkinson’s disease 46, 47.

Parkinson’s Disease (PD)
Parkinson’s disease, firstly described in 1817 by James Parkinson is a progressive
neurodegenerative disorder, mostly affecting the elderly population, with a prevalence of approximately 1% 48. PD is on a neuropathological level characterized with
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the loss of dopaminergic neuromelanin-containing neurons in the substantia nigra,
a small basal ganglia structure located in the midbrain. Additionally, intraneuronal
inclusions, called Lewy bodies, are found in patients with PD 49. Lewy bodies contain
high amounts of aggregated ⍺-synuclein, a presynaptic protein that forms protofibrils, soluble oligomeric conformations that are thought to be toxic for the cell by
causing neuronal death and disruption of cellular homeostasis 50. Other recent proteomic studies showed that inflammatory proteins are increased in the CSF of PD
patients, while a decrease of proteins associated to the synapse and neuronal proteins was observed 51. To date, treatment of PD symptoms is only possible using the
FDA-approved drug L-DOPA 52. This shows the importance of proteomic studies to
further increase our understanding of PD to discover potential drug targets for development of more efficient drugs targeting potential disease-causing proteins in PD.

Frontotemporal Dementia (FTD)
Another form of dementia is characterized by the progressive loss of nerve cells in
the frontal or temporal lobes, called frontotemporal dementia (FTD). As initially described in 1892 by Arnold Pick it is also known as “Pick’s disease” and involves alterations in muscle and motor function, as well as behavioral, language and personality
changes of the patient. Similar to PD, the neuropathology of FTD includes Lewy bodies with aggregated ⍺-synuclein

50.

Frontotemporal dementia is classified into sev-

eral subgroups depending on the respective pathology, these include FTLD-Tau
(frontotemporal lobar degeneration with tau), FTLD-TDP (frontotemporal lobar degeneration with TDP-43 aggregation), and FTLD-FUS (frontotemporal lobar degeneration with immunoreactivity for FUS) 53. FTD manifests in three main clinical syndromes, namely bvFTD (behavioral variant FTD), SD (semantic dementia) and PPA
(primary progressive aphasia) 54. On a molecular level, FTD is classified into different subgroups using CSF protein targets, for example, high levels of Neurofilament
Light (NfL), low levels of phosphorylated tau to total tau ratios, and lower levels of
Aß42 compared to a similar disease such as AD 55.
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Traumatic Brain Injuries
Traumatic Brain Injuries (TBI) are the leading cause of brain related injuries in the
world and approximately 50 million people suffer from TBI each year

56.

Not only

can TBI have an impact directly after or during injury, but it can also have severe
effects long-term post-injury. Such effects include physical, emotional, cognitive and
even psychiatric disabilities that can last a life time and have a high burden on the
patients and their families. These effects are frequently observed over the whole
spectrum from severe to mild cases of TBI and treatments of these effects have a
huge cost on society with approximately 400 billion US dollars per year

56.

These

numbers show the increased importance and necessity of injury prevention, more
effective treatments directly after TBI but especially for the diagnosis of post-TBI
effects and the correct treatment of those. Traffic related accidents involving motorized vehicles as well as bikes account for the highest number of severe TBI cases.
Approximately 70-90% of TBI are forms of moderate to mild TBI. Subsequent mild
head injuries, following an initial mild TBI can lead to severe post-injury effects in
these individuals. These subsequent mild injuries (concussions) mostly occur during
sports activities such as boxing or American football and they especially occur in
children and adolescents. More recently, sport related concussions have gained the
interest in the media, and allowed for more extensive research in the field 57.
Patients suffering from TBI show various symptoms depending on the severity of the
injury. They can reach from confusion and mild cognitive problems to more severe
symptoms such as contusions, brain swelling, intracranial pressure and internal
bleeding. Even with emerging new diagnostic tools such as Computed Tomography
(CT), the prognosis for the outcome of TBI related complications is still poor. Therefore, the identification of molecular prognostic markers would help to identify patients at high risk of severe complications and allow for appropriate medical attendance. Blood-based protein markers can be used as prognostic marker in a clinical
assessment of the patients after the injury. One such marker-protein is S100B (S 100
calcium binding protein B) that is used in clinical guidelines to stratify patients in
the acute phase of TBI 58. Further acute phase markers such as GFAP (glial fibrillary
acidic protein) and UCH-L1 (ubiquitin C-terminal hydrolase-L1) have also been
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described. Additionally, brain derived protein markers with potential disease correlation, including neurofilaments, tau, myelin basic protein and neuron specific enolase have been identified 59. In fact, also autoantibody reactivity towards GFAP and
its breakdown products have been found in patients with TBI 60. Within this thesis,
efforts have been made to further increase the understanding of blood-based protein
markers for TBI using a rodent model (Paper I). We have investigated the effects of
oxygen intake during the injury and measured the protein profiles over a period of
time (see Chapter VI). As previously mentioned, TBI has several disease comorbidities that mostly develop post-injury. Traumatic Brain Injuries are thought to be one
of the major risk factors for developing a subsequent neurodegenerative disorder.
Studies have reported that there is an increased risk to develop dementia after a single event of TBI 61. AD related pathologies have been found in patients with TBI including accumulating tau and amyloid-β 62 and other studies have reported a relation
of loss of function of NMDA-receptors (discussed in Chapter IV) followed by TBI
63.

It has been shown that stimulation with NMDA ligands improved the outcome of

brain injuries 64 and it has been widely recognized that post-trauma development of
psychiatric disorders is common and has a high probability of causing difficulties
during recovery. These could include depression, anxiety and PTSD (post-traumatic
stress disorder) 65.
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III. Autoimmune Mechanisms of the CNS
In this chapter common autoimmune mechanisms of the central nervous system will
be discussed using some immune mediated diseases as examples. In general, immune phenomena that can alter brain function and that have an impact on the CNS
can be divided into inflammation, allergy, immunodeficiency and autoimmunity.
This chapter will focus on autoimmune mechanisms of the CNS, explained on the
basis of Multiple Sclerosis (MS), Amyotrophic Lateral Sclerosis (ALS), and Systemic
Lupus Erythematosus (SLE) as examples.

Multiple Sclerosis (MS)
MS is a disease of the central nervous system and is most commonly regarded as
immune-mediated. Characterized by the demyelination of nerve cells, it leads to different symptoms such as muscle weakness or partial loss of sense. Initially described
in 1868, MS became the focus of many researchers and studies around the world, yet
its exact underlying mechanisms are still not fully understood. The characteristic
brain lesions in the white matter caused by demyelination, can be detected using
Magnetic Resonance Imaging (MRI) in those patients, and is a current standard
method for disease diagnosis. To enable a more precise diagnosis, a large portion of
research is focusing on the potential autoimmune mechanism of MS and its impact
on the disease. Two major components are subjects of numerous studies focusing on
autoimmunity in MS: T-cell mediated autoimmunity and B-cell mediated autoimmunity. Early studies suggest a role of CD4+ T helper-cells and autoimmunity in MS,
where CD4+ T helper-cells show reactivity to various myelin sheath antigens. Additionally, myelin-specific CD4+ T-cells could induce Experimental Autoimmune Encephalomyelitis (EAE) in naïve mouse models that showed the likelihood of CD4+Tcell involvement in MS 66. Furthermore, Th17-cells, which are characterized by their
production of IL-17, are thought to play a pathogenic role in MS. Evidence supports
the interaction between Th17 cells specific to myelin oligodendrocyte glycoprotein
(MOG) and neurons in the brainstem, which leads to demyelination and associated
lesions of the corresponding neurons 67. T-cell mediated autoimmune triggered MS,
especially by antigen specific T-cells, is thought to be mediated by external
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pathogens. Post-infection autoimmune reactions are thought to be mediated
through molecular mimicry (Figure 4).

Microbe

foreign antigen

T cell activation
self antigen

self tissue
self reactive T cell

Antigen presenting cell (APC)

Autoimmunity

Figure 4: Principles of molecular mimicry induced autoimmunity. After a bacterial or viral infection, antigen
presenting cells present the foreign antigen at the cell surface through the Major Histocompatibility Complex
(MHC). Cross-reactive T-cells that also recognize the self-antigen induce T-cell activation that triggers an immune response towards self-cells or tissue, causing an autoimmune reaction. Illustrated is a T-cell mediated
molecular mimicry, however molecular mimicry also applies to B-cell mediated immunity. Image adapted from
Basic Immunology by Abul K. Abbas.

Besides T-cell mediated autoimmunity in MS, humoral immunity and B-cell activation seems to play a role in the pathogenic process of MS. Infiltrating B-lymphocytes
and autoantibody production seem to correlate with the progression of the disease
and an elevated IgG level in the CSF of the patient is used as a common diagnostic
marker, determined by oligoclonal Ig bands. Studies have shown that elevated serum
autoantibodies of myelin basic protein (MBP) and MOG are correlating with disease
progression in MS patients 68. An additional study aimed at characterizing the autoantibody repertoire in three main subtypes of MS (relapsing-remitting: RRMS, primary progressive: PPMS, secondary progressive: SPMS) using an antigen microarray. Profiling the serum of these patients, unique autoantibody repertoires have been
detected for each of the MS subtypes with broad IgM reactivities towards CNS antigens in RRMS patients, with more specific IgM and IgG reactivities towards CNS
antigens in SPMS, and an increased IgG reactivity in patients with PPMS 69. Additionally, affinity-based proteomics for the discovery of new potential antigens for MS
identified the ion-channel protein anoctamin 2 (ANO2) as a potential disease
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associated antigen. MS patients showed higher reactivities towards ANO2 compared
to healthy individuals 70. Additional support for a partially autoantibody-mediated
disease is found in patients responding to treatment used for other known autoantibody mediated diseases 71.

Amyotrophic Lateral Sclerosis (ALS)
ALS is a disease primarily affecting the motor neurons in the cortex, brainstem and
spinal cord. The disease progression is rapid with a average survival time of about
three years after the onset of disease. ALS onset is characterized by the dysfunction
of the limbs and impaired movement. Symptoms include muscle weakness and atrophy leading to impairment of speech and respiratory failure in later stages of the
disease.
ALS is divided into two groups, with a sporadic form of ALS (sALS) affecting 80% of
the patients and a familial form of ALS (fALS) in about 20% of affected patients.
While a genetic predisposition in fALS is thought to be one of the major disease
causes, there is no known cause for sALS.
One probable factor of disease onset and progression is the involvement of the immune system and autoimmune mechanisms. One such mechanism proposed is the
activation of microglia through Danger Associated Molecular Patterns (DAMP´s),
including misfolded and aggregated proteins, such as SOD1 (superoxide dismutase 1), a major risk gene in fALS 72. Additionally, PET imaging has shown high
microglia activation in the brain of ALS patients, pointing towards a microglia involvement in the disease

73.

Furthermore, aggregation of proteins such as TDP-43

and DJ-1 lead to a prion-like disease progression and a spread of aggregated proteins, disruption of the extracellular matrix and neurodegeneration in the affected
tissue 74. Autoantibodies towards brain associated proteins have been frequently reported, both in the CSF and serum of ALS patients. Circulating IgM autoantibodies
towards GM1 and GD1a gangliosides have been reported in the serum of patients,
which specifically accumulated at the nodes of Ranvier of lower motor neurons 75.
Several studies detected neurofilament-light autoantibodies in ALS patients, with an
increased reactivity in those compared to other neurological diseases and healthy
study participants

76, 77.

In an untargeted approach for the search of novel
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autoantibodies associated with ALS, protein microarrays were employed to study autoantibodies in 20 ALS patients and 20 controls, targeting approximately 9500 different human proteins. In total autoantibodies to 20 human proteins were found to
show higher reactivities in ALS patients 78. Studies like these, highlight the potential
to further understand the involvement of the immune system in ALS, especially with
a focus on new potential autoantibody targets.

Systemic Lupus Erythematosus (SLE)
SLE is a multifactorial, chronic autoimmune disease which does not only affect the
CNS. The symptoms reach from dermatitis, joint pain and cardiovascular problems
to neuropsychiatric symptoms, including anxiety and depression, cognitive impairment and psychosis as well as neurodegeneration. SLE can lead to multi-organ damage and is potentially fatal if untreated

79.

The neuropsychiatric manifestations of

CNS associated SLE can thereby be induced by several underlying factors including
bacterial infection and accumulation of toxic metabolites

80,

but autoimmune in-

duced CNS SLE is thought to be the most probable cause of the disease.
There are several studies focusing on autoantibodies in CNS SLE and the reactive
autoantibodies can be classified based on their potential target. Antibodies towards
neuro cytoskeletal proteins such as microtubule-associated protein 2, ⍺-tubulin, glial
fibrillary acid protein and intermediate neurofilament ⍺-internexin among others
have been associated to neuropsychiatric SLE 79.
Antibodies against neuronal antigens build a second subgroup. However, the associated antibodies show a high cross-reactivity towards NMDA receptors in some patients. A study including more than 100 patients with a positive reaction towards
anti-double strand DNA antibodies were screened for cross reactivity towards the
GluN2A subunit of the NMDA receptor. Using ELISA, it was shown that a great proportion of the SLE patients had elevated GluN2A reactivities compared to other
rheumatic patients and healthy controls

81.

Additionally, injection of GluN2A and

GluN2B positive patient sera in mice caused hippocampal damage and neuronal
death 82.
A third class of CNS SLE associated antibodies are those targeting cellular components such as cardiolipin, phospholipids and anti-coagulants. They may play a role
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in the manifestation of symptoms like epilepsy, stroke, headache and seizures

83.

Furthermore, anti-endothelial cell antibodies are believed to play a role in CNS SLE
They are associated to the disruption of the blood-brain barrier (BBB), which allows
further infiltration of pathogenic antibodies. However, their potential role in CNS
SLE is to date not fully understood. For example, recent studies showed a higher
prevalence of endothelial cell autoantibodies in a non-CNS related form of SLE; lupus nephritis (LN)

84.

This highlights the need of further studies to investigate the

autoantibodies associated to SLE. A recent proteomics study employed antigen microarrays to explore potential new autoantigens in patients with SLE, and found four
potential new targets that upon further characterization could lead to new insights
in SLE pathology 85.

Antibodies and Autoantibodies
Antibodies are Y-shaped, large proteins commonly referred to as immunoglobulins
(Ig). Immunoglobulins can be classified into five isotypes, namely immunoglobulin
A (IgA), immunoglobulin D (IgD), immunoglobulin E (IgE), immunoglobulin G
(IgG) and immunoglobulin M (IgM). Ig isotypes consist of two heavy chains and two
light chains, with constant (Fc) and variable (Fab) regions and depending on their
isotype they can be found in different conformations from monomers (IgG, IgA, IgD,
IgE) to pentamers (IgM, Figure 5).
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Figure 5: Structure of an antibody. The Y-shaped structure of an immunoglobulin consist of two heavy chains
and two light chains, both with a constant (Fc) and a variable (Fab) region, where the variable region of both
chains represents the antigen binding site. Different Ig-isotypes have different conformations. IgG, IgD and IgE
type are monomers, whereas IgA can be found as monomers and dimers (trimers and tetramers are rare) and
IgM as pentamers.

Depending on their function, different Ig isotypes are found in different compartments of the body at different concentrations. The majority of IgA molecules are
found on the surface of respiratory, gastrointestinal and genitourinary tracts. They
are important as parts of the first line defense against pathogens and are the principal antibody class found on such mucosal tissues. The predominately monomeric
IgA isotype is produced by B-cells in the bone marrow and secreted into the serum 86.
Immunoglobulins of the IgD isotype are expressed by mature B-cells in the bone
marrow but show relatively low abundance in serum. They primarily function as
transmembrane antigen receptors in the bone marrow but also as activators of proinflammatory processes in the periphery

87.

The immunoglobulin with the lowest

abundance in blood is the IgE isotype, which is primarily found in saliva and mucosa.
Its function is the recognition of exogenous antigens, mostly allergens. It also triggers the immune response (allergic reaction) 88. The primary Ig isotypes in the adaptive immune response are IgM and IgG antibodies. IgM type antibodies are the most
abundant natural autoantibodies in healthy individuals and are proposed to have
immunoregulatory functions, such as promoting clearance of dead and dying cells 89.
The most abundant class of immunoglobulins in the blood are IgG isotype antibodies. Compared to IgM antibodies, IgG have a relatively high affinity to their target
molecule and have a much longer lifetime in blood 90. Due to their high affinity and
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stability, IgG antibodies are most commonly used as tools in biochemical and affinity-based applications and are therefore produced commercially. Within this thesis,
IgG antibodies were used as affinity reagents in Paper I and IgG autoantibodies
were measured in Paper II-IV.
All antibodies are expressed by B-lymphocytes (B cells). B-cells are divided in three
principle classes that are derived from different progenitor cells (B1 progenitor from
the liver; B cell progenitor from the bone marrow) 91. During B-cell maturation in the
bone marrow, the genes encoding for the antibodies undergo random rearrangements of immunoglobulin heavy- and light-chain gene segments. These include the
V-genes (variable), D-Genes (diversity) and J-genes (joining) that result in the expression of Ig type B-cell receptors on mature B-cells that can bind to a wide variety
of antigens

92.

During an immune activation, B cells produce immunoglobulins

against the encountered foreign antigen, which are then secreted into the blood
stream or lymphatic system.
Within the work presented in this thesis, I focused on IgG autoantibodies with a potential role in autoimmune disease. Despite the elimination of high affinity, self-reactive B lymphocytes (central tolerance through negative selection or peripheral tolerance through anergy) during B-cell development, low-affinity self-reactive autoantibodies persist in healthy individuals. Differently, high-affinity pathogenic IgG type
autoantibodies are predominantly found in disease state and can develop after somatic hypermutations and class switching. Somatic hypermutations are point mutations occurring in the variable regions of the antibody, while class switching occurs
at the constant region of the immunoglobulin 93.

Antigens and Epitopes
Antibody and autoantibody interactions are dependent on the affinity to their respective antigens. Antibodies can be classified into polyspecific antibodies, binding
various antigens with moderate affinity (mostly IgM natural antibodies) or monospecific with high affinity to one specific antigen (mostly IgG/IgA type antibodies).
Antigens are very diverse in nature and range from exogenous antigens from viruses,
fungi or bacteria, to self-antigens from e.g. tissues or serum proteins 94. Usually, exogenous antigens are recognized by antibodies of the innate immune system as a first
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line defense. However, molecular mimicry (either B-cell or T-cell mediated, see Figure 4) can lead to autoreactivity and autoimmunity in some diseases such as
Sjögren’s syndrome (B-cell mediated), Chagas disease (T-cell mediated) and MS (Tcell mediated) as described earlier in this chapter. The foreign antigen then shares
partial sequence homology to self-antigens, which are in turn recognized by either
autoantibodies produced by self-reactive B-cells or as foreign by self-reactive Tcells 95 (Figure 4). On the contrary, high affinity antibodies recognizing self-antigens have been described. These might have been produced by self-reactive B-cells
that have matured after negative selection in the bone marrow. The mechanism of
autoimmune diseases is however multifactorial 96. Not only central- and peripheral
tolerance plays a role in the development of autoimmune disease, but also genetic
mutations and environmental factors including smoking as described in SLE can
have a negative impact. Most importantly however, is the interaction between the
antibody and its corresponding binding epitope, the part of the antigen that is recognized by the antibody. Epitopes are classified into two classes: continuous epitopes
and discontinuous epitopes. Discontinuous epitopes are mostly formed by the conformation of the protein and are therefore also called conformational epitopes. Studies have shown that a typical stretch of an antibody recognition site is approximately
five amino acids within a discontinuous epitope and that three amino acids are found
in a continuous stretch in 60% of these epitopes

97.

Potential binding epitopes can

therefore be of various length and structure. They can also be derived from different
sources, such as neo-epitopes, products from dying cells and cell debris after apoptosis 93. For identifying potential pathogenic autoantibodies in autoimmune associated diseases, it is important to characterize the binding epitope to further understand the pathogenic mechanisms of the identified autoantibody and its target. With
the help of affinity-based proteomics (see Chapter V), these autoantibodies and
corresponding epitopes can be further analyzed.
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IV. Psychiatric Disorders
History of Psychiatry
Starting with the Lunacy Act from 1845, psychiatry as a medical specialty was
changed significantly. The former “mentally ill people” were now regarded as patients and treated accordingly. Prior to this Act the mentally ill were regarded as
dangerous, kept restrained is asylums and received no treatment to improve their
health. In 1883, Emil Kraepelin, a pioneer of modern psychiatry, published his book
A Textbook: Foundations of Psychiatry and Neuroscience in which he stressed the
point that psychiatry should be regarded as a branch of medical science and should
involve research into the causes of mental illness. He later became also known to
classify diseases such as manic depression and dementia praecox, later known as
schizophrenia. Around the same time as Kraepelin introduced research into psychiatry, Sigmund Freud postulated his theories on psychoanalysis and its use in treating
psychiatric patients. With this, psychoanalysis became the first treatment for psychiatric patients and would later divide psychiatry into biological psychiatry and psychotherapy. Much later in the 1950s and 1960s the treatment was expanded to synthetic first-generation antipsychotics, such as Chlorpromazine followed by secondgeneration antipsychotics in the 1980s, including Clozapine and Risperidone

98.

However, to date the diagnosis of a hospitalized patient is greatly based on the assessment of the practicing physician and the use of the Diagnostic and Statistical
Manual (DSM) of Mental Disorders firstly published in 1952. This Manual should
guide the physician in diagnosing the patient and is currently in its 5th Edition (DSMV) 99. This highlights the great need of extensive research within the field, to develop
potential biological markers for psychiatric disorders. This chapter will cover some
of the diseases, their cause, symptoms and potential treatment, highlighting the
most recent research in proteomics.
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Schizophrenia
As mentioned before, schizophrenia was firstly described by Emil Kraepelin as dementia praecox and later named schizophrenia by Eugen Bleuler. Schizophrenia is
often described as the disability to understand reality and an abnormal behavior of
the affected patient. The symptoms are often classified as either “positive” or “negative” symptoms. Positive symptoms are delusions, hallucinations, disorganized
speech and behavior. Negative symptoms are lack of emotions and sleep, apathy,
self-neglect, avolition, anhedonia and more 100. The course of the disease is progressive often starting in the stage of young adulthood and may last a lifetime with recovery and relapsing episodes that are divided into four groups (Figure 6) 101.
Group 1 (22%)

Group 2 (35%)

Group 3 (8%)

Group 4 (35%)

Figure 6: Disease course of schizophrenia. Schizophrenia progression could be either a single episode with no
further symptoms and full recovery (Group 1, 22% of patients), several episodes with full recovery of each and
minimal impairment (Group 2, 35% of patients), no full recovery after the first episode with subsequent episodes without complete recovery and no return to normality (Group 3, 8% of the patients) and no recovery
after the first episodes with increased impairment after each episode and no return to normality (Group 4,
35% of patients). Graphic adapted from Shepherd et al. 101.

Schizophrenia is classified as a multifactorial disease, meaning that the cause of
schizophrenia could be different in different individual, which makes schizophrenia
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a challenging disease to diagnose and treat properly. One influencing factor is the
environment the patient experiences throughout its life, either prior disease onset or
during the disease. This can include migration to a new environment, urban life, and
social isolation

102

as well as child-trauma 103. Furthermore, drug abuse at a young

age is thought to be a strong factor of onset of both psychosis and schizophrenia.
Especially the excessive use of cannabis has been associated with the onset of schizophrenia in young adults 104, 105. Nevertheless, limited efforts have been put into the
research of cannabis induced psychosis and the possible beneficial health effects of
the individual cannabinoid components 106.
Genetic predisposition and a family history have been described as one of the greatest risk factors to develop schizophrenia. First degree relatives of a schizophrenic
patient have a 6.5% risk 107, whereas a monozygotic twin even has a risk of about 40%
for developing the disease 108. Recent advances in genetic research of schizophrenia
made it possible to identify new risk loci using genome wide association studies in
schizophrenia patients 109. From the 108 identified gene loci, 75% are protein-encoding genes, making them possible candidates for proteomic based studies. One of
these associations was observed for DRD2 (11q23.2), a gene encoding for the dopamine type 2 receptor unit, which is known to have a major implication in the disease 110 and is a common therapeutic target. The importance of dopamine in schizophrenia has already been described in the early 1960´s 111 with the search of the antipsychotic receptor and binding site of drugs like chlorpromazine and haloperidol.
However, it took several years and different approaches

112

to formulate the dopa-

mine hypothesis of schizophrenia which states that certain dopamine neuronal pathways are overactive in the brain of patients 113. Since then many researchers focused
on gaining a deeper understanding of the involvement of dopamine in schizophrenia
using e.g. imaging techniques 114 or transgenic mouse models 115.
Additionally, genes involved in the glutamatergic neurotransmission have been
identified as potential risk genes, including GRIN2A, a gene encoding for the NMDA
receptor subunit 2A. Autoantibodies towards NMDA receptor subunits are known to
promote schizophrenia like symptoms in patients

116

(see Chapter III) also dis-

cussed below and in Paper III of this thesis. This neuroinflammatory hypothesis is
supported by many researchers, stating that the immune system, due to infections,
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autoimmune reactions

117,

and immune mediators, such as cytokines is involved in

disease development 118. A recent proteomics study using bead-based affinity proteomics identified elevated plasma interleukin levels of IL-1b, IL-2, IL-6 and interferon
(IFN)- g in patients with schizophrenia, highlighting the involvement of the immune
system in the disease 119 (see Chapter V).
Additionally, genes encoding for proteins involved in the neuronal calcium signaling,
such as voltage-gated ion channels, were among the most significant risk associated
gene loci identified, which have possible implications in other psychiatric disorders
(see further below in this chapter).
These newly identified gene loci and the associated proteins gained the interest of
researchers studying the proteome of schizophrenia and related psychiatric disorders. For a better understanding, not only resolving gene expression, but also identifying corresponding protein expression and possible protein variation is important.
This also builds the basis for the study and discovery of potential new biomarker
candidates for a better treatment of schizophrenia and its underlying mechanisms.
In Paper II we describe such an approach of finding a potential new biomarker candidate, which might have prognostic values for the development of schizophrenia
after a first episode of psychosis. To date treatment options are either psychotherapy,
or pharmacological therapy using antipsychotic agents. It has been shown that the
most effective and beneficial treatment for schizophrenia patients is a combination
of both, wherefore a simplified diagnostic tool for the identification of the cause of
the symptoms might be beneficial.

Obsessive Compulsive Disorder
Obsessive Compulsive Disorder (OCD) is a disorder which in most patients will develop during early life. In children, OCD is thought to be exacerbated by an immune
reaction against group A streptococcus, which causes an autoimmune reaction, commonly referred to as PANDAS (Pediatric Autoimmune Neuropsychiatric Disorders
Associated with Streptococcal infections). PANDAS was firstly described in 1998
based on a case study with 50 children presented with an acute onset of OCD accompanied by a group A streptococcal infection 120. Because of the difficulties associated
with an exact diagnosis, PANDAS was re-named to PANS (pediatric acute-onset
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neuropsychiatric syndrome) with newly found diagnostic criteria 121. Based on these
new insights, OCD now (since the DSM-V) represents its own group of disorders and
is no longer a part of the group of anxiety disorders. OCD has a lifetime prevalence
of about 2.5% with a bimodal age of onset either in early childhood or later in life. It
has a high impact on a person’s daily life, both on a professional work environment
level as well as on a social level with impairments in interpersonal relationships, often leading to the loss of employment. An early diagnosis and treatment of OCD is
therefore important to improve the patient’s quality of life. First line treatments of
OCD patients are antidepressant drugs that mark serotonergic activity as well as selective serotonin re-uptake inhibitors

122.

Second line treatments include low-dose

second generation antipsychotics, such as risperidone that probably acts as a serotonin antagonist. Clinically, patients typically present themselves with symptoms
such as, obsessions (persistent re-occurring thoughts and images) and compulsions
(repetitive behaviors and acts) that are impairing their daily life. OCD is a complex
disorder with several disease associated factors which include neurobiological factors, such as dysfunctional and dysregulated prefrontal cortex activity 123 , grey matter volumes 124, neurochemical factors such as dysfunction in neurotransmitter systems (e.g. serotonin, dopamine) 125 and neuropeptides such as vasopressin and corticotropin 126.
Within this thesis, the focus lies on the connection between OCD and eventual neuroimmunology processes and autoimmunity. As mentioned above, inflammatory
processes, especially in children with OCD, can enhance OCD symptoms. Recent
studies have shown the presence of anti-brain autoantibodies in children with
OCD 127 and adults with OCD 128. Cox and colleagues recently showed higher IgG titers against lysoganglioside and dopamine D1 receptors 129. In Paper IV we describe
a similar finding with higher D1(b) autoantibody titers in patients with OCD. However, to date there are only a few studies that try to elucidate the underlying mechanisms of an autoimmune reaction and the onset of OCD. Further proteomic studies
in this context could therefore provide valuable insights into the disorder.
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Encephalitis
Encephalitis is an inflammatory process of the brain that is accompanied by symptoms such as fever, headache and confusion. Descriptions of encephalitis patients
date back to the 18th century, where encephalitis symptoms lead to an early death of
the patients 130. The underlying inflammatory processes are much better understood
today and with improved diagnosis and treatment of the disease the recovery of the
patient is improved and the mortality has decreased. Depending on the cause of the
disease, treatments include anti-viral or antibiotic medications, steroids for reduction of occurring brain swelling, and different medications to reduce the fever. Today, the incidence of acute onset of encephalitis lies between 6.3 patients for tropical
countries and 7.4 patients out of 100.000 for western countries 131. The onset of encephalitis can have many causes with virus induced encephalitis being one of the
most frequent forms. These viruses include common viruses like Herpes Simplex Virus (HSV) and Epstein-Barr Virus (EBV). HSV induced encephalitis (Herpes Simplex Encephalitis, HSE) is the most common form of sporadic fatal encephalitis with
a prevalence of about 1 in 250.000 per year 132. Today, the exact pathogenesis of virus
induced encephalitis is not fully understood. However, primary infections of the CNS
with the virus is the most reasonable cause of the disease. Virus particles enter the
CNS through the olfactory nerve or trigeminal nerve and cause inflammatory processes in the brain leading to the development of the disease. The most common detection method of an HSV induced encephalitis is a laboratory polymerase chain reaction (PCR) test for detection of viral DNA in the CSF of the patient

133.

Besides

HSE, arbovirus induced encephalitis transferred by insects such as mosquitos, ticks
and other include Japanese encephalitis, tick-borne encephalitis and west-Nile encephalitis and are a common cause especially in summer and tropical regions. These
forms of encephalitis are all caused by the family of flavivirus, which also included
zika induced encephalitis, dengue fever and yellow fever. The patients present themselves with a nonspecific febrile illness, which can be followed by neurological dysfunctions, headache, seizures, and meningismus 134. Early identification allowing for
an early treatment with, for example intravenous immunoglobulin treatment (IVIg)
is necessary for a favorable outcome of the patient 135.
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A third form of a common viral encephalitis is rabies, a single stranded RNA virus
transmitted through bites of e.g. dogs as primary carriers. This form of encephalitis
is mostly common in Africa where the missing treatment causes tens of thousands
death per year.
Besides virus-induced encephalitis, other causes of encephalitis and related disorders exist. These include autoantibody mediated encephalitis, most commonly
caused by anti-neuronal autoantibodies such as N-methyl-d-aspartate receptor
(NMDAR) encephalitis, or antibodies to the Voltage-Gated Potassium Channel
(VGKC)-complex. NMDAR encephalitis is a neuronal surface autoantibody mediated
disease of the central nervous system. These neuronal surface autoantibodies bind
to extracellular epitopes of the NR1 subunit of those receptors and cause a dysfunction, which leads to neuroinflammation with psychosis-like symptoms in the patients

136.

By binding to the extracellular domain of surface NMDAR, antibodies

cause a decrease of receptor clusters on the surface by internalization of the surface
NMDAR’s 137. The disease was initially recognized as a form of encephalitis in 2007
in a population of young women carrying an ovarian teratoma. The identified serum
and CSF autoantibodies showed reactivity towards the GluN2B (and parts of
GluN2A) subunit of the NMDA receptor, and only functional receptors mediated antibody binding. Ovarian teratomas are a common feature of the disease and express
high levels of GluN1/2 subunits. After immunotherapy and removal of the tumor,
patient’s showed improvement of symptoms or even full recovery 138. Based on these
and other findings, a model of anti-neuronal autoantibody mediated encephalitis of
the CNS emerged. Corresponding antibodies were also found in neuropsychiatric
systemic lupus erythematosus (SLE), schizophrenia and limbic encephalitis patients 116,82. In Paper III we show that high GluN2D autoantibody titers were also
found in a subset of patients diagnosed with schizophrenia. One might speculate that
these patients could have therefore developed an underlying anti-neuronal autoantibody mediated encephalitis or schizophrenia with similar autoantibodies as some
forms of encephalitis do.
Other studies have revealed additional potential autoantigens of anti-neuronal antibody mediated encephalitis. Some studies suggest the presence of autoantibodies towards Voltage-Gated Potassium Channels (VGKC)-complexes to be involved in the
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onset of autoimmune mediated psychiatric disorders. Klein and colleagues reported
a large effort of serologic evaluation of patients with unexplained neurological symptoms. They report 4% positive anti-VGKC-complex IgG patients, and among those,
autoantibodies targeting the proteins LGI1 (leucin-rich glioma-inactivated protein 1)
and CASPR2 (contactin-associated protein-like 2) were the most frequent ones 139.
These two proteins are associated with VGKC subunits 140. However, the associated
antibodies do not clearly define a specific neurological condition or disease and its
underlying pathogenesis. The occurrence of VGKC-complex antibodies is instead associated with various diseases including limbic encephalitis, Morvan´s syndrome,
epilepsy and neuromyotonia 140, with higher antibody titer in CNS conditions such
as limbic encephalitis compared to neuromyotonia.
As mentioned in previous sections of this chapter, dopamine might have an important role in psychiatric disorders, which lead to studies elucidating the involvement of autoantibodies targeting dopamine receptors in patients with psychiatric
symptoms. As already hypothesized in the 1980’s dopamine-receptor autoantibodies
might contribute to the cause of schizophrenia among other psychiatric disorders 141.
Studies have shown that the presence of serum autoantibodies directed against surface dopamine D2 receptors (D2R) in children with basal ganglia encephalitis with
no presence of NMDAR-surface antibodies 142 coincides with psychiatric symptoms.
These D2R autoantibodies were specific for basal ganglia encephalitis and were not
present in related disorder such as PANS (PANDAS). Furthermore, studies have detected higher D2R surface autoantibodies in children with first episode psychosis 143.
The heterogenous presentation of the symptoms of the individual patients in the
clinic, the to date unsatisfying measurements for diagnosis, and the varying underlying pathogenic mechanism make psychiatric disorders so challenging yet fascinating to study. Throughout the last decades, different underlying mechanisms have
been identified, from genetic causes and immune responses, to autoantibody-mediated mechanisms. Continued research in this field will benefit the patients in the
future and will further improve the stratification of patient subgroups.
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V.

Present Investigation

Affinity based proteomics to study psychiatric disorders
Affinity-based proteomics has emerged as a promising tool to study CNS diseases in
the last decades. Efforts have been made to use affinity reagents such as antigens and
antibodies to increase the understanding of the human proteome and to map the
human proteome in different organs of the body, including the brain 34, 144. In 2003,
The Human Protein Atlas Project (HPA) was established, with the effort to use antibody-based proteomics to map the human proteome. Until today the HPA project
has produced over 50000 protein array validated antibodies (Figure 7) that target
17000 unique proteins, from these 21000 are published online (proteinatlas.org).
These antibodies have been produced to map protein localization in over 40 different
tissues and organs and has been complemented with RNA sequencing data from
three different sources (HPA, GTEx and FANTOM5). Furthermore, the subcellular
location of proteins has been described 145, and annotations to cancer pathology for
some proteins are available 146. Taken together, the HPA can be a valuable resource
of reagents for proteomics studies and for this thesis, all affinity reagents were obtained from the HPA project. Within this work, antibodies and protein fragments
were used in different affinity-based proteomic approaches, which will be discussed
in this chapter.
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Figure 7: Workflow of the Human Protein Atlas project. Protein fragments for antibody production are designed in-silico, cloned and expressed. The protein fragments are purified using affinity chromatography. Purified protein fragments (antigens) are immunized into rabbits for polyclonal antibody production. Antibodies
are purified using their original fragment and antibody validation is performed using protein fragment microarrays, Western blotting, and tissue microarray immunohistochemistry. Validated antibodies are then annotated and released on the Human Protein Atlas platform.

Antigen arrays for autoimmunity profiling
Planar protein fragment microarrays (antigen arrays) are commonly used in nontargeted discovery approaches in the context of autoimmune disorders. The antigen
microarrays consist of a solid support, most often a glass slide with a functionalized
surface and the produced protein fragments. The protein fragments are spotted on
the array in different formats. One format used in this thesis is a high-density protein
array which contains approximately 42000 protein fragments representing 18915
unique ensemble gene-ID’s, representing 94% of the gene centric human proteome.
This array format is used in this work to profile single individuals for reactivity towards a high number of unique proteins 147. The used protein fragments thereby represent a part of the protein, with a usual stretch of about 80-100 amino acids. These
protein fragments have a low homology towards other protein fragments and are
produced within the HPA project pipeline (Figure 7). With this arrays, different
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kinds of samples can be profiled, ranging from serum and plasma (Paper II and
Paper IV) to CSF and even tissue samples (Paper III).
A second strategy to identify potential disease-associated autoantibodies used within
this thesis was based on the suspension bead array (SBA) format (Figure 8). In this
workflow, protein fragments were covalently bound to activated magnetic microspheres, to be used in suspension. This strategy allows for a more targeted and hypothesis driven approach, were protein fragments can be specifically selected from
either literature and previous in-house studies as well as results from the discovery
approach. Additionally, multiple protein fragments towards the same protein could
be used to cover different potential epitopes of the protein of interest. The SBA format is a highly multiplexed technology, allowing the simultaneous profiling of up to
384 patient samples towards 384 selected protein fragments in one assay. Based on
fluorescently labeled goat anti-human IgG antibodies, targeting the bound autoantibody, a flow-cytometry based instrument (Luminex Corp.) is used to measure the
relative number of reactive antibodies. The suspension bead array can also be applied to further characterize identified autoantibodies, using epitope mapping.
Epitope mapping is usually performed with commercially synthesized peptides towards the discovered reactive protein fragment 148. Here peptides of a specific length
(usually 12-15 amino acids long) and a specific overlap (between three and five amino
acids) are covalently coupled to the magnetic beads. The same patient samples with
previous high reactivities towards the protein fragment of interest are then incubated with the peptide SBA, to identify the potential binding epitope of the autoantibody.

Antibody arrays for protein profiling
Additionally, SBAs can also be applied to analyze the relative amount of proteins in
the samples. Therefore, the antibodies produced within the HPA are covalently
bound to activated magnetic microspheres and relative protein abundance is measured in a complex sample using biotin-streptavidin interactions

149.

With this ap-

proach disease-associated proteins can be measured in different sample types such
as serum, plasma and CSF, employing different models i.e. human and rodent samples (Paper I).
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Figure 8: Principle of a suspension bead array. A) Affinity reagents such as protein fragments and antibodies
are covalently coupled to magnetic color-coded beads B) Samples are diluted and randomized and either directly incubated with coupled beads for autoantibody profiling, or biotinylated and heat-treated prior incubation for protein profiling (C). D) The Protein-Antibody-Bead complex is incubated with fluorescent secondary
reagents (hIgG or streptavidin). E) The fluorescent intensity is measured using a flow cytometry-based laser.
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The work presented in this thesis is focusing on identifying new potential autoantibodies in patients with psychiatric disorders. Before studying those diseases in various cohorts of human patients, I started by analyzing translational rodent models of
CNS diseases. A rodent model for traumatic brain injuries was one of the projects I
started with. In this project differences in the serum proteome after a traumatic brain
injury (Paper I) and an associated possible disease outcome were analyzed. Alongside this project I acquired rodent samples form a tgDISC1-rat model, overexpressing the disrupted in schizophrenia 1 protein, as well as a tgNRG1 mouse line with a
truncated neuregulin 1 protein to study schizophrenia. Both are risk genes associated
to the development of schizophrenia. After employing affinity-based proteomic
methods on rodent models, I analyzed human plasma and serum samples including
samples of patients with first episode psychosis (Paper II), schizophrenia (Paper
III) and obsessive-compulsive disorders (Paper IV). The presented work in this
thesis used high throughput proteomic techniques, using affinity-based proteomics
and utilizing affinity reagent from the Human Protein Atlas, to profile both proteins
and autoantibodies in health and disease.

Paper I: Protein profiling in serum after traumatic brain injury in rats reveals potential injury markers
Traumatic Brain Injuries are a major burden in most countries around the world.
Yearly about 50 million people are suffering from a TBI and the related post-injury
effects. Secondary effects during or directly after trauma, such as the lack of oxygen
can result in an unfavorable outcome for the patient

150, 151.

In this paper, we used

affinity-based proteomics to investigate protein markers in the serum of a rodent
TBI-model. To simulate a traumatic brain injury, we used the controlled cortical impact model (CCI) which results in a simulation of a “severe” traumatic brain injury.
To further simulate the lack of oxygen the animals were exposed to either normoxic
(22% O2) or hypoxic (11% O2) conditions directly after impact. In total, we used 5
animals per group that were sacrificed after 1, 3, 7, 14, and 28 days. We additionally
included sham animals, which underwent surgery but no CCI, also separated into
normoxic and hypoxic groups (n=20), that were sacrificed after 1 day (n=10) or 7
days (n=10). Furthermore, we included three naïve animals as controls. In total, the
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study included the serum of 73 animals divided into injured animals, sham and naïve
animals. To profile proteins associated to traumatic brain injuries we selected a total
number of 141 unique proteins targeted by 204 antibodies from the HPA. Proteins
were selected based on previous studies in traumatic brain injuries, including injury
markers such as S100B, GFAP and MBP as previously discussed (see Chapter II).
Selected antibodies were coupled to color coded magnetic beads to create a suspension bead array (Figure 8). Antibody-protein interactions were measured using a
flow-cytometry based instrument and reported as median fluorescent intensities of
fluorescently labeled streptavidin interacting with biotin labeled proteins (MFI, relative values). Using the statistical tool R, and test such as the Wilcoxon-rank sum
test, all protein signatures were analyzed and compared between the respective disease groups as well as over time. We found significantly different protein levels early
after trauma (Day 1-Day 3) compared to late stages after trauma (Day 14 - Day 28).
Inflammatory markers (complement factor 9 and complement factor B) and Aldolase c were found at higher levels early after trauma, and proteins such as hypoxia
inducible factor ⍺ (HIF1⍺), Williams-Beuren syndrome chromosome region 17
(WBSCR17) and amyloid precursor protein (APP) showed increasing levels over time
(Figure 9).
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Figure 9: Protein levels associated with traumatic brain injuries. Serum levels of ALDOC, C9 and CFB, three
proteins with increased Levels early after trauma. Further, HIF1A, WBSCR17 and APP values are displayed,
with an increased Level late after trauma.
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Futhermore we investigated possible differences in protein levels upon different
oxygen-level exposure directly after the trauma. We found only a slight increase for
the protein S100A9 ( S100 calcium binding protein A9) in hypoxic animals and no
differences in oxygen depended protein levels in any of the other proteins (Figure
10).

Figure 10: Line plot of S100A9 over time, separated according to the level of oxygen exposure per group.
Only S100A9 provided a difference between the oxygen groups, showing slightly higher levels in hypoxic animals late after trauma. MFI values for the hypoxia group are shown in red. Levels for the normoxia group is
shown in blue.

This study provided information of protein levels in a rodent model of traumatic
brain injuries. With the help of a CCI-model and affinity-based methods we could
show elevated protein levels early after trauma as well as late after trauma, indicating
a possible involvment in development and outcome. Further studies in human
patients with TBI on the same panel of proteins would provide further insights and
would increase our understanding of traumatic brain injuries further.
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Paper II: Untargeted screening for novel autoantibodies with
prognostic value in first-episode psychosis
The following publication and manuscripts (Paper II-IV) all focused on investigating
possible new autoantibody associations in a spectrum of psychiatric presentations.
As discussed earlier in this thesis (Chapter IV), recent studies have shown that autoantibodies, especially to brain antigens, can be associated to various psychiatricrelated disorders including schizophrenia, encephalitis and obsessive-compulsive
disorders. However, the number of identified antigens is relatively low and patients
with psychiatric symptoms that show an antibody reactivity is similarly low (1-4%).
Therefore, the identification of potentially new autoantibody targets, as performed
in the following studies, can provide valuable insights.
In Paper II, we used affinity-based proteomics to study the autoantibody repertoire
of 53 patients with a first episode of psychosis and compared these to 41 non-psychotic controls. Patients were followed for a mean duration of 7 years after first onset
of the disease. From the initial 53 patients, 23 recovered fully and 30 patients developed schizophrenia, delusional disorders, schizoaffective disorders, bipolar disorders or an unspecific non-organic psychosis. To explore potential new autoantibodies, we used protein fragment planar arrays of the 384-plex format and profiled all
samples on a total of 2304 human protein fragments (representing 1812 proteincoding genes) for an untargeted screening. From these 2304 human protein fragments, we selected 29 protein fragments for further characterization using suspension bead arrays. An additional 26 protein fragments covering different regions of
the same proteins were included if available. Furthermore, we included a total of 92
protein fragments that were previously reported in the literature or were used in
other in-house studies within neuro-proteomics. From the targeted screening using
the suspension bead array we identified autoantibodies towards the N-terminal fragment of PAGE2B (P antigen family, member 2B), with significant higher reactivity
in patients with a first episode of psychosis (Figure 11).
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a)

b)

Figure 11: Positive autoantibody reactivities in patients and controls after the targeted suspension bead
array. The N-terminal protein fragment of PAGE2B showed significant higher frequencies of positivity in patients with first episode psychosis. Additionally, protein fragments with high reactivity frequencies were found
in non-psychotic controls (Dystonin; DST and axin interactor, dorsalization-associated protein; AIDA). In total,
8 patients (P) showed high autoantibody reactivities towards PAGE2B, while none of the nonpsychotic control
showed such reactivities.
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Patient data was available after 7 years follow up after the first episode of psychosis.
From the 53 patients, 23 had a complete remission, 14 developed schizophrenia and
16 were diagnosed with either delusion disorder, schizoaffective disorder, bipolar
disorder or unspecific non-organic psychosis. Three out of 23 patients with a complete remission had previous PAGE2B positive antibodies (OR 0.8) and five out of
14 patients that developed schizophrenia had PAGE2B positive antibodies (OR 6.7).
This indicates a possible involvement of PAGE2B autoantibodies in the development
of schizophrenia (Figure 12).

Figure 12: N-terminal PAGE2B (PAGE2B-N) positivity after follow up. Patients diagnosis after a period of 7
years after the first episode of psychosis. Higher frequencies of PAGE2B positive autoantibodies were observed in patients that developed schizophrenia (OR 6.7).

In summary, we used planar protein fragment arrays for an untargeted screening for
novel autoantibodies in patients with first episode psychosis and non-psychotic
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controls. Upon further characterization of these autoantibodies, we found antibodies
towards the N-terminal protein fragment of PAGE2B of higher frequencies in first
episode patients. Patient data was available after a period of 7 years, and we identified a higher frequency of N-terminal PAGE2B positivity in patients who developed
schizophrenia.

Paper III: Exploring antibody signatures in brain tissues lysates from patients with schizophrenia
In Paper III, we were interested in analyzing possible autoantibodies in brain tissue
of patients diagnosed with schizophrenia. Previous studies have shown possible disease relevant autoantibodies in schizophrenia including antibodies to VGKC-complexes and NMDA-receptors

116.

In this study, we therefore used our affinity based

proteomic tools to analyze potential disease associated autoantibodies. Different to
the other studies comprised in this thesis, we used brain tissue material instead of
body fluids. In total we included 73 brain samples from schizophrenia patients and
52 from healthy individuals. To assess whether brain lysate would be a suitable working material and for further sample characterization we used high density protein
fragment arrays as previously described (Chapter V). In this study, we used a planar array covering 10820 unique proteins represented by 11520 protein fragments.
We used 5 randomly selected patient brain lysates and identified potential autoantibody targets were included in the follow up experiments. To be able to characterize
all samples and their autoantibody repertoire, we used the suspension bead array
technology. A total of 226 protein fragments were coupled, based on targets from
previous studies and in-house screenings. To further increase the possibility of finding positive autoantibody targets, we retrieved antibodies from the obtained tissue
pellet after lysis. After statistical analysis we found a high frequency of autoantibody
reactivity towards the glutamate receptor ionotropic, NMDA 2D (GluN2D) in schizophrenia brain samples (n=9) and no reactivity in any controls (Figure 13).
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Figure 13: IgG autoantibody reactivity towards the GluN2D protein fragment. High GluN2D autoantibody
frequencies were found in a subset of patients after the analysis of the suspension bead array data. Antibody
positive samples are colored in red. Fluorescence intensity reported as MFI (median fluorescence intensity).

To further characterize this antibody reactivity, antibody positive samples were selected for immunohistochemistry and compared with control samples. To investigate the presence of NMDA-receptors in these patient’s, antibodies towards the different NMDA subunits were used. Because it was previously postulated that a functional NMDA receptor constitutes of heterotetramers and cell surface expression is
greatly dependent on the GluN1 subunit

152,

commercially available antibodies to-

wards this subunit were also used. Subsequent immunohistochemistry experiments
revealed that a patient with high GluN2D autoantibody frequency showed reduced
GluN1 distribution (Figure 14). This could point towards an involvement of
NMDAR autoantibodies in schizophrenia.
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Figure 14: Immunohistochemistry performed on brain sample material from high GluN2D reactive patients
and one control individual. High reactive tissue samples were stained using an anti-GluN1 antibody (green),
anti-GFAP (yellow), anti-Amyloid beta (red) and DAPI (blue). Reduced GluN1 distribution was observed in a
patient sample with high GluN2D antibody titers. Samples were taken from BA 9, 10, 11 and 12.
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Additional experiments were performed to assess the autoantibody reactivity of
GluN2D in serum of patients with a first episode of psychosis. In total, 14 patients
showed higher autoantibodies towards GluN2D, with one control sample displaying
autoantibodies towards GluN2D (p= 0.02).
In summary, we were able to use affinity-based proteomics to search for and characterize autoantibodies in brain tissue of schizophrenia patients. Furthermore, we have
identified a subgroup of patients with a first episode of psychosis, displaying a similarly high reactivity frequency towards the same protein fragment. It would be interesting and valuable to follow up these patients to further investigate the potential
disease involvement of antibodies targeting the GluN2D receptor in these patients.

Paper IV: Exploring the autoantibody repertoire in patients
with obsessive compulsive disorders
In Paper IV, we were interested in the autoantibody repertoire of a small but welldefined group of patients primarily diagnosed with obsessive-compulsive disorders,
psychosis and catatonia. All patients were relatively young at first presentation (average age of 31) and had a severe or atypical onset of the disease. Currently there are
only a few studies on autoantibodies in patients with OCD

129

and there is a great

need to characterize further targets with disease association. To characterize these
autoantibodies, we used the aforementioned suspension bead array (Chapter V)
with a total of 226 protein fragments covering 127 unique proteins. The array was
used to profile the autoantibody repertoire of serum samples from a total of 37 patients, compared with 13 non-psychotic controls. Three targets with higher autoantibody frequencies were identified only in patient samples, namely nuclear distribution protein nudE-like 1 (NDEL1), dopamine 1(b) (DRD5,), and glycogen synthase
kinase-3 beta (GSK3B) (Figure 15).
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Figure 15: IgG autoantibody reactivity towards protein fragments of NDEL1, DRD5 and GSK3B, obtained
after the suspension bead array. Bee-swarm plots showing the individual profiles of the identified significant
findings. The reactivity towards IgG antibodies was measured using the suspension bead array and reactive
samples are colored in red.

Additionally, we identified two antigens with high numbers of reactive patient samples, which also showed a reactivity in one control sample, namely nuclear receptor
subfamily 4 group a member 2 (NR4A2) and annexin a2 (ANXA2) (Figure 16).
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Figure 16: IgG autoantibody reactivity towards protein fragments of NR4A2 and ANXA2, obtained after the
suspension bead array. Bee-swarm plots showing the individual profiles of the identified significant findings.
The reactivity towards IgG antibodies was measured using the suspension bead array and reactive samples
are colored in red.

For further patient characterization, three of the highly reactive individuals were
profiled on high density protein fragment arrays, with 42ooo spotted protein
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fragments covering 94% of the gene-centric human proteome. The OCD patients
were compared with patients diagnosed with autoimmune polyendocrine syndrome
type 1 (APS-1). Patients that previously displayed high ANXA2 autoantibody titers
also showed high ANXA2 reactivities on the high-density planar array (Figure 17).
In general, a high individual variation was observed in the measured samples and no
antigen was found to be reactive in all individuals.

Figure 17: Venn diagram displaying the overlap of reactive antigens in five analyzed samples using the highdensity planar antigen microarray. Overlapping reactivities after the high-density array profiling of three
highly reactive OCD patients (blue, green and orange) and two patients with APS-1 (grey).

In summary, with this study we were able to show the potential of affinity-based
proteomics to explore novel autoantibodies in patients with obsessive-compulsive
disorders. Upon deeper characterization of the detected autoantibody signatures we
could increase the understanding of potentially antibody-mediated psychiatric diseases.
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Conclusions and Future Perspectives
The aim of the work presented in this thesis was to use affinity based proteomic tools
to increase our understanding of diseases of the brain with a focus on neuroimmunology. More precisely, the identification and characterization of novel autoantibody targets with a potential association towards psychiatric disorders, including
first-episode psychosis, schizophrenia and obsessive-compulsive disorders. Antibodies and protein fragments from the Human Protein Atlas were used to create antibody and protein fragment arrays to profile various disease associated specimen in
a highly multiplexed fashion.
Paper I describes a translational approach of a rodent model for traumatic brain
injuries. An antibody-based suspension bead array was used to profile protein
changes in serum of controlled cortical impact (CCI)-induced rats and to compare
these with protein levels in non-CCI and naïve rats over a period of time. Within this
project, decreasing levels of inflammatory proteins were found over time, while other
brain derived proteins increased. This project aimed to further increase our understanding of protein changes shortly after an injury, but also including protein
changes long-term post-injury. Future efforts have been made to expand this project,
and protein profiles of human serum and CSF of traumatic brain injury patients will
be analyzed. With the help of excessive clinical records, these profiles will then be
related to the clinical outcome.
Paper II-IV all describe similar approaches of the integration of multiplexed affinity proteomics in the identification of novel potential disease associated autoantibodies in psychiatric disorders. These publications and manuscripts report IgG reactivities towards proteins associated to the central nervous system and a possible
relation of autoantibodies to either disease onset, progression or outcome. However,
a further characterization of these autoantibodies is necessary to draw a more detailed conclusion about their potential disease involvement. The presence of the antibodies alone does not necessarily mean disease onset or correlation to the disease,
therefore further experiments are necessary. To investigate if the antibodies detected
in Paper II-IV are potentially disease associated, different approaches, for example
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cell-based assays or experimentally induced autoimmune encephalomyelitis using a
rodent model can be considered.
Overall, the herein presented work provides only a starting point to increase our understanding of these complex diseases and emphasizes and encourages the need of
collaborative efforts to continue to do so.
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